The nit ric oxide complex of hagfish hemoglobin exhibits electron spin resonance spectra centered around g = 2 with rhombic symmetry. The six coordinated spectrum is not influenced by protonation or presence of inositol hexaphosphate. Thus, the critical substitutions at E 7 (His -^Gln) and Ell (Yal ->Ue) do not disrupt the proximal histidineiron bonds in the nitrosyl complex of this primitive hemoglobin, though the same type of substitution are known to cause destabilization of R quaternary structure in tetrameric mammalian nitrosylhemoglobins. This difference could be related to the difference in tension existing in the respective hemes of tetrameric and monomeric hemoglobins.
The primary structure of monomeric hagfish (.Myxine glutinosa L.) hemoglobin component III has been reported recently [1] . Some of the amino acid replacements in the heme pocket of this Primitive vertebrate hemoglobin is noteworthy. The invariant distal histidine at residue position E 7 is replaced by glutamine. Moreover, valine at position Ell is substituted by isoleucine. Both these residues are known to influence conformation and ligand binding properties of tetrameric hemoglobins [2] [3] [4] . Interestingly, among mammalian hemoglobins, opossum (Didelphius marsupialis) a-chains have identical substitutions at E 7 and Ell positions as those of hagfish hemoglobin [5] , Opossum hemoglobin exhibits low oxygen affinity and reduced cooperativity [3, 4] , while hagfish hemoglobin exhibits no cooperativity at all [6] . Electron spin resonance studies of nitrosyl complex of opossum hemoglobin as well as kinetic studies of oxy, carbonmonoxy and nitrosyl derivatives indicate that the R to T equilibrium in opossum hemoglobin is shifted towards T state [3, 4, 7] , It is postulated that absence of a donor-acceptor interaction between E7 histidine and bound NO in the a-hemes, among other factors, may contribute to the disAbbreviations: Hb III = hemoglobin component III, ESR = electron spin resonance, DPG = diphosphoglycerate, IHP = inositol hexaphosphate, NO = Nitric oxide.
* Reprint requests to Prof. Dr. G. Braunitzer. 0340-5087/82/0000-0744/S 01.00/0 ruption of proximal histidine-iron bonds in the a-hemes of opossum nitrosylhemoglobin. The R to T equilibrium is shifted to the T state in human mutant hemoglobins, M Boston (a258His-*Tyr ß2^ and M Milwaukee (a2 /?2 67 ^a l ->Glu ), also involving replacements at E7 and Ell positions respectively [8] . Therefore, electron spin resonance (ESR) studies on hagfish nitrosylhemoglobin offers an opportunity to investigate whether the E7 and Ell heme pocket alterations have a destabilising effect on the proximal histidine-iron bonds of monomeric hemoglobins, as has been demonstrated for tetrameric hemoglobins.
Materials and Methods
Hagfish hemoglobin component III was isolated by DEAE-cellulose (Whatman DE-32) chromatography as described earlier [1] , Human hemoglobin A was isolated from normal erythrocytes. Hemoglobins were chromatogrammed on Sephadex G-25 according to Berman et al. [9] to remove organic phosphates.
Inositol hexaphosphate (Sigma Chemicals) was dissolved in 0.2 M bis-Tris buffer, pH 6.7 and titrated to a final pH of 6.7 with HCl. Deoxygenation of hemoglobin samples were achieved by gentle shaking under nitrogen for 4 h at 4 °C. Nitric oxide, after passage through solid KOH, was added to the deoxy sample and allowed to react for 3 to 5 min in an ice bath. Excess NO was removed by flushing the chilled samples with nitrogen. The nitrosylhemoglobins were loaded into quartz ESR tubes in a glove bag under nitrogen atmosphere. The tubes were capped and frozen immediately in liquid nitrogen. The approximate time interval between NO addition and freezing of the sample was 20 min. The ESR measurements were carried out at liquid nitrogen temperature using a Varian E-4 spectrometer with a microwave power of 10 mW, microwave frequency of around 9.10 GHz, and a modulation amplitude of 2.0 G.
Results
Hagfish displays hemoglobin heterogeneity, having three major components that differ in their oxygen affinities and few less studied minor components. We have studied the nitrosyl complexes of whole hemoglobin as well as a major component, Hb III. at pH 7.0. The spectrum shows anisotropy in the g = 2 region indicating rhombic symmetry of the paramagnetic center, with three effective g values of 2.079, 2.005 and 1.991. The central resonance at g -2.005 displays a nine line hyperfine splitting of equal intensity indicating the influence of N£ nitrogen of the proximal histidine (F8) on the unpaired NO electron spin. The nitrosyl complexes of few other heme proteins such as Chironomus hemoglobin, myoglobins, horse-radish peroxidase and cytochrome aa3 also show similar ESR spectral features [10] [11] [12] . Since nitric oxide is a heme ligand with an unpaired electron and acts as a spin label which is sentitive to the conformational changes of the molecule, any changes in the electronic configuration around the heme, such as the changes in the bond strengths of Fe-NO or Fe-N£ will be reflected in the ESR spectra. The spectral features shown in Fig. 1 did not change as a function of pH in the range of 5.5 to 8.5 and therefore it is assumed that there are no detectable changes in the Fe-N£ or Fe-NO bond distances as a result of protonation. Inositol hexaphosphate is an allosteric effector of hemoglobins that shifts the R-T equilibrium towards the T state. Thus the six coordinated ESR spectra of tetrameric hemoglobins develop strong hyperfine splitting at g = 2.009 resulting in a mixture of six and five coordinated spectra upon the addition of inositol hexaphosphate (Fig. 2) . On the other hand, hagfish nitrosylhemoglobin was not influenced by its presence. The spectral features of hagfish Hb III and whole hemoglobin were identical under various conditions. At strong acidic pH (below pH 4.0) hagfish nitrosylhemoglobin developed three line hyperfine splitting somewhat similar to that of human nitrosylhemoglobin shown in Fig. 2 . However, we do not consider these changes to be identical to the conformational changes taking place at neutral pH values since considerable amount of denatured material was observed at acidic pH. 
Discussion
The ESR spectral studies of hagfish nitrosylhemoglobin indicate that the molecule remains in a six g=2 067 coordinated state as a function of pH or in the presence of inositol hexaphosphate (Fig. 1) . In this type of conformation it is assumed that the Fe-NO bond is weak and there exists a relatively strong Fe-N£ bond (smaller Fe-N£ bond distance). In normal tetrameric nitrosylhemoglobins the transition from a six coordinated state (R) to a mixture of six and five coordinated state (T) is accompanied by the disruption of proximal histidine-iron (Fe-N£) bonds in the a-hemes and is mediated by binding of allosteric effectors such as diphosphoglycerate (DPG) or inositol hexaphosphate (IHP) [13, 14] , In this type of conformation the Fe-NO bond is strong (smaller Fe-NO bond distance) and probably results in a stronger d.^-p.T interaction with the NO ligand [15] . Disruption of Fe-Ne bonds occurs in the a-hemes due to (a) higher tension existing in ahemes, and (b) strong trans effect of NO which weakens Fe-N£ bonds [2, 14] , Infrared spectroscopic studies of normal nitrosylhemoglobins [13] and ESR studies of mutant hemoglobins [8, 16] implicate a role for a distal histidine (E7) through donor-acceptor interactions in the stabilization of R state in nitrosylhemoglobins. Thus, hemoglobins with substituted a distal histidine (Hb M Boston and Hb Opossum) seem to remain in the T state upon NO binding [3, 4, 8] , On the other hand, ß distal histidine does not seem to have such a role, probably due to the low tension existing in the ß hemes (Table I) . Thus, Hb M Saskatoon (<Z2 ^esffls-Tyr) and Hb Zurich (a2 ß2 63 His * Arg ) remain in the R state upon NO binding [15, 16] . Nitrosyl complex of isolated a-chains do form three line hyperfine splitting at g = 2.009 in their ESR spectra indicating disruption of Fe-N£ bonds [15] while isolated /^-chains, sperm whale myoglobin [17] and Chironomus thummi thummi monomeric hemoglobins [12] do not form three line hyperfine splitting. Since the nitrosyl complex of hagfish hemoglobin is found to be in a six coordinated state, it is concluded that the critical replacements of E 7 histidine and Ell valine do not disrupt the Fe-N£ bonds in this monomeric hemoglobin. Thus, it is concluded that in hagfish nitrosyl complex there exists relatively weak Fe-NO bonds and strong interaction with the 5th ligand, the proximal histidine, which is reflected by the well resolved hyperfine structure of triplets at g = 2.005 (Fig. 1) . It seems likely that in monomeric nitrosylhemoglobins the Fe-N£ bonds are not influenced by critical substitutions and therefore behave similar to /9-hemes. Table I summarises functional and conformational properties of some tetrameric and monomeric hemoglobins involving substitutions at E7 and Ell residue positions and illustrates the differential influences of these alterations. Differences in the inherent tension existing in the various subunit types of tetrameric and monomeric hemoglobins may be a factor in the observed conformational variations. Bohr effect present no cooperativity n = 1.03 at pH'7.3 no Bohr effect reduced cooperativity n = 1.2 at pH 6.8 [19] no cooperativity Five coordinated at pH 6.7 ESR gx absorption different [3] Six coordinated Similar to Hb A [16] Six coordinated at pH 5.5 and 8.5 ESR gx absorption different Six coordinated at pH 5.2 and 8.9 1.0 at pH 5.8 and 10.0 [22] ESR gx absorption different [17; no cooperativity n = 0.90 at pH 7.0 and 9.0 [24] The results of the ESR studies on the nitrosyl complex of hagfish hemoglobin are in excellent agreement with its known oxygen binding parameters (ref. [6] and Table I ). Thus, the absence of cooperative oxygen binding or increase in affinity as a function of pH indicating absence of conformational changes are now confirmed by the ESR studies.
